, are 1 order of magnitude larger than ''pure'' absorption losses measured previously. The other main sources of loss, including scattering on both interface roughness and nanocrystallites, are invoked. Calculations give the same order of magnitude as measurements. We also detected scattered light close to the direct beam. © 2000 American Institute of Physics.
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The discovery of luminescence 1 of porous silicon ͑PS͒ at room temperature has initiated a strong research effort concerning the optical properties of this material, resulting in the realization of distributed Bragg reflectors, 2 luminescent microcavities, 3 holographic gratings, 4 and planar waveguides. 5, 6 This last application is very promising for gas detection 7 and all-silicon optoelectronic integrated devices. 8 With these aims, the knowledge of the losses is crucial, especially in the near infrared ͑NIR͒ range ͑0.8-1.6 m͒, where PS becomes relatively transparent. Many authors report quantitative transmission measurements, 9-12 performed perpendicular to the surface of free-standing PS single layers, but only in spectral ranges where losses are relatively high, due to the layer thicknesses that are typically limited to ϳ100 m. Photothermal deflection spectroscopy ͑PDS͒, based on the thermal gradient adjacent to an irradiated sample, 13 avoids this problem, but gives only the absorption coefficient of the PS, 9, 11 ignoring all other sources of losses. Benefitting from the long path inside a waveguide, some authors have estimated the losses in as-formed PS, 5, 8 but at a single wavelength.
In this letter, we report quantitative measurements of the transmission in PS, performed in single mode waveguides, in the continuous 0.8-1.6 m range. Planar waveguides were made by etching two successive layers with different porosities. We used low doped p type ͑100͒ silicon substrates ͑4 ⍀ cm͒, with a thickness of only 100 m, to allow perfect cleaved edges. The upper ͑guiding͒ layer and the lower ͑cladding͒ layer were made using a HF:H 2 O:C 2 H 5 OH ͑35:35:30͒ solution at room temperature, and current densities of 16.6 and 50 mA cm Ϫ2 , in order to obtain respective porosities of 65% and 58%.
Our experimental setup was based on end-fire coupling. Light from a straight tungsten filament was coupled into and out of the sample using two Cassegrain reflecting microscope objectives (ϫ25, numerical apertureϭ0.4 and ϫ15, numerical apertureϭ0.28͒ in order to be perfectly achromatic. Using a beamsplitter, the output edge was imaged onto both a NIR camera and the entrance slit of a 1200 gr/mm monochromator. The polarization is selected by a polarizer inserted in front of the monochromator. The signal was acquired by a cooled InGaAs photomultiplier, and measured through a lock-in amplifier. All experimental spectra are corrected by the spectral response of the detection system, which is measured by imaging the filament without any sample.
Refractive indices were measured by fitting reflectance spectra of single layers in the 0.25-1.6 m range.
14 Roughness measurements were performed using a Tencor P-10 surface profiler.
We designed a waveguide allowing the propagation of a quasisymmetric single mode, denoted TE 0 or TM 0 , for wavelengths larger than 1.3m. In order to do this, the guiding layer was 1.5 m thick, with a refractive index n g ϭ1.77, and the 3 m cladding layer (n c ϭ1.67 at ϭ1.3 m͒ avoids leakage in the high index bulk Si substrate. For shorter wavelengths, a second ͑asymmetric͒ mode exists, but it is easy to convince oneself that they cannot be coupled efficiently to the symmetric external field. This point was confirmed experimentally, because we did not observe any interference fringes in our spectra. These are usually the consequence of the propagation of several modes, each one with its own phase velocity, as we have already observed on multimode samples. Figure 1 shows experimental transmittance spectra performed for both polarizations, on samples of two distinct lengths L. The picture in the inset is a front view of the horizontal output edge of the waveguide. It shows two illuminated areas, because the central obscuration of the input Cassegrain objective and the numerical aperture of the waveguide do not allow an efficient coupling along the objective axis. The white rectangle represents the relative size of the entrance slit of the monochromator, where only one area of the output edge is imaged on. Since the transmitted light includes effects other than the propagation, like coupling efficiency, it is not possible at this stage to plot absolute transmittance.
Accurate measurements of the absolute losses are deduced from the ratio of intensities transmitted by samples of This clearly suggests other strong sources of loss. We considered leakage to the bulk-Si substrate, scattering by the interface roughness, or by the randomness of the nanocrystallites. Calculated losses are obtained by solving rigorously the Maxwell equations in the whole structure by means of a transfer matrix formalism for an incident plane wave coupled into the waveguide by a prism coupler, like m-line experiments. 16 Losses have the same consequences as the imaginary part g of the guiding optical index. They can be evaluated by monitoring the linewidth of the guided mode, assuming that the propagation losses ␣ are given by ␣ ϭ4 g /, as they are in a bulk material.
Due to the finite thickness of the cladding layer, the leakage into the high index substrate occurs, especially for large wavelengths. In our case, the waveguide has been designed to minimize this kind of loss, and the largest value, calculated for ϭ1.6 m in TM polarization, is only 8 ϫ10 Ϫ2 cm Ϫ1 . The interface roughness, localized in the case of p type PS at the bottom of each PS layer, 14 is a well known source of small angle scattering losses. 17 By etching only a single layer of same thickness and porosity as the guiding one, and then by dissolving it in NaOH ͑0.1 M͒, the root mean square deviation to the planarity at this bottom interface has been directly measured. We found ϭ7.5 nm. In our case, the correlation length of the surface variation is long compared to the wavelength. 17 The Fresnel coefficients at this interface is thus corrected 18 by the factor exp͓Ϫ8(n g cos g /)
where g is the angle inside the guiding layer. Global calculations performed as described above give losses plotted versus wavelength on Fig. 3 . These losses are relatively constant, near 0.3 cm Ϫ1 , in our spectral range, because the direct dependence with is compensated by the continuous variation of g with .
Finally, the nanoporous structure of p type PS gives strong spatial fluctuations of the dielectric constant. The re- 20 We are aware that the crude model of Si spherical crystallites of 4 nm 21 of index 3.5, is outside the domain of validity of Eq. ͑1͒, however we plotted the estimated losses on Fig. 3 . The obtained values are in the same range as our measurements.
In order to bear out experimentally the scattering process, we also studied the outcoming light near the direct output beam. We could measure detectable intensities ͑typi-cally 2 orders of magnitude lower͒, only very close to the direct beam, and along the guiding plane. The results are plotted in Fig. 4 . The integrating area is shown on the inset. Ignoring the three peaks in the 1.3-1.6 m range, which might be attributed to a possible resonant scattering of some chemical species inside the PS, the spectral dependence is quite different from the one observed on the direct transmitted light. Light scattered in the 0.8-1.0 m range suffers both strong absorption and strong scattering, and it cannot be measured. The evolution for larger wavelengths shows decreasing efficiency for larger wavelengths, confirming the interpretation of a scattering process.
These measurements show that the propagation of light in PS waveguides is perturbed by several sources of losses. Two main types of processes contribute to losses: ''pure'' absorption, which is weak in the NIR range, and scattering, which represents an important part of our measured losses. Unfortunately, our measurements did not allow us to separate the respective roles of volume and surface scattering. Quantitative measurements of scattered power are difficult; they require the determination of its angular distribution, particularly in the radiated and guided modes.
However, the obtained values of a few cm Ϫ1 are promising for optoelectronic integrated devices in the NIR range. In order to reduce these losses, many groups use oxidized porous silicon, and they obtain losses as weak as 0.25 cm Ϫ1 , also in the visible range, 22 but unfortunately the oxidation does not preserve the large range of optical index in PS, required by photonic structures. A promising way to reduce the interface roughness is to perform the PS anodization at low temperature. 23 In conclusion, we have performed quantitative measurement of transmission in the PS waveguide, in the continuous 0.8-1.6 m range. The obtained losses have been compared for several sources of loss, including absorption, leakage, interface, and volume scattering. Theoretical calculations give, to an order of magnitude, good agreement with measured values. Scattered light has also been detected close to the direct beam.
